Background. People who suffer from paralysis have difficulties participating in society. Particularly burdensome is the lockedin syndrome (LIS). LIS patients are not able to move and speak but are cognitively healthy. They rely on assistive technology to interact with the world and may benefit from neurotechnological advances. Optimal research and design of such aids requires a well-defined target population. However, the LIS population is poorly characterized and the number of patients in this condition is unknown. Objective. Here we estimated and described the LIS patient population in the Netherlands to define the target population for assistive (neuro)technology. Methods. We asked physicians in the Netherlands if they had patients suffering from severe paralysis and communication problems in their files. Physicians responding affirmatively were asked to fill out a questionnaire on the patients' status. Results. We sent out 9570 letters to general practitioners (GPs), who reported 83 patients. After first screening, the GPs of 46 patients received the questionnaire. Based on the responses, 26 patients were classified as having LIS. Extrapolation of these numbers resulted in a prevalence of 0.73 patients per 100 000 inhabitants. Notable results from the questionnaire were the percentage of patients with neuromuscular disease (>50%) and living at home (>70%). Conclusions. We revealed an etiologically diverse group of LIS patients. The functioning and needs of these patients were, however, similar and many relied on assistive technology. By characterizing the LIS population, our study may contribute to optimal development of assistive (neuro)technology.
Introduction

Disabilities and the Locked-in Syndrome
According to the World Health Organization, 1 1 billion people, about 15% of the world's population, have some form of disability. The term disability is used by the International Classification of Functioning, Disability and Health as an umbrella for all impairments, activity limitations and participation restrictions. Ranging from hearing impairments to paraplegia, disabilities can be diverse, but they all influence the personal and professional life of the affected individual. The number of people with a disability is rising because of global aging, increasing number of chronic health conditions, and other reasons. 1 As a result, an increasing number of people have difficulties participating in society and gaining access to employment, and global health care expenses are rising.
Particularly burdensome types of disabilities are forms of paralysis, with people suffering from locked-in syndrome (LIS) being the most severe cases. First described by Alexandre Dumas as "a corpse with living eyes" in The Count of Monte-Cristo (1844), LIS was only introduced as a medical term by Plum and Posner in 1966. 2 According to the American Congress of Rehabilitation Medicine (ACRM), LIS is now defined by the following 5 criteria: (1) sustained eye opening and preserved vertical eye movement, (2) preserved higher cortical functions, (3) aphonia or severe hypophonia, (4) quadriplegia or quadriparesis, and (5) primary mode of communication that uses vertical eye movements or blinking. 3 Patients who fit all 5 criteria are considered classic LIS. Besides classic LIS, a distinction is made between incomplete LIS, which is the same as classic LIS, but with additional voluntary movement other than vertical eye movements, and total or complete LIS, which is defined by total immobility with no communication possible in the presence of sustained consciousness. 4 Although the ACRM definition leaves room for multiple causes (including trauma 5 and neuromuscular diseases [NMDs] , such as amyotrophic lateral sclerosis [ALS] 6 ), stroke is considered the most frequent cause of LIS. 2, 7 For many carerelated decisions, however, the level of functioning of the patient is more relevant than its cause. Therefore, we use the ACRM definition and include patients based purely on their level of functioning (fLIS), independent of etiology.
Assistive Technology
Assistive technology (AT), such as glasses, wheelchairs, and advanced communication aids, may help people with disabilities to regain more independence and partake in everyday life. The more severe a disability, the more the need for AT. In the case of paralysis, AT is very important and may even be life sustaining. Many severely paralyzed patients rely for example on feeding tubes, communication aids, wheelchairs, and mechanical ventilation. 8 New developments within the field of neurotechnology are relevant for patients with disabilities, including those suffering from paralysis. Neurotechnology encompasses all technologies that record from, act upon, or interact with the nervous system. A relatively new area in neurotechnology is that of brain-computer interfaces (BCIs). A BCI is a device that facilitates communication between the brain and a machine using predominantly neuroelectrical signals. Recorded signals are translated into commands to control devices and can be used for one of several types of applications, such as to research, replace, assist, repair, or augment human cognitive or sensorimotor functions. 9, 10 Several techniques can be used to acquire brain signals used for BCIs. The most widely used method is electroencephalography (EEG). This noninvasive method uses electrodes on the scalp to record voltage fluctuations caused by synchronous activity of millions of neurons. 11 Using P300, an event-related potential associated with an infrequent stimulus, brain signals are used to detect which character in a matrix a user wants to select. Despite being the most successful EEG-based BCI technique, [12] [13] [14] the clinical application is only slowly realized and for LIS patients, EEG-BCI performance is lower than for less severely paralyzed people. 15 A more recent development is that of functional near-infrared spectroscopy (fNIRS), which measures the hemodynamic responses associated with neural activity. 16, 17 Although promising, this technique has not found its way to home application yet. Implantable BCIs, utilizing the brain signal recorded with electrodes on or in the brain, have the potential to become a useful solution to the daily obstacles of people suffering from LIS, due to their high signal quality and potential 24/7 availability. The possibilities of implantable BCIs have predominantly been investigated and demonstrated in a laboratory setting. [18] [19] [20] [21] Recently, the first successful home use of an implantable BCI by an ALS patient was described by our group 22 bridging the gap between research and the application of BCIs at home.
The translation from knowledge gained in research to implementation in AT for LIS patients is difficult. The potential user group seems very diverse, and the number of patients in this condition is still unknown. 7, [23] [24] [25] Only a limited number of studies has attempted to characterize the LIS population, often concentrating on quality of life. 8, 26, 27 In the Netherlands, a patient group description was presented in a prevalence study by Kohnen et al 28 in 2013. Focusing on the number of LIS patients living in nursing homes, they found 2 patients with classic LIS. During recruitment efforts for our aforementioned implantable BCI study 22 we learned, however, that a considerable number of people with LIS live at home with their family, instead of in a nursing home. The current study aims to describe the size and characteristics of the total LIS population in the Netherlands in order to obtain a more complete picture of the potential usergroup of neurotechnology and BCIs in particular.
Method
Prevalence Calculation and Extrapolation
Health care in the Netherlands is well organized and all inhabitants of the Netherlands are obliged to have a general practitioner (GP). Through a dedicated website on quality ratings of medical care in the Netherlands (http://www.zorgkaartnederland.nl; Patient Federation NPCF) the names and contact details of 8783 individual GPs were found. This number is in accordance with the registered number of GPs (8804, except locum GPs). 29 We contacted all GPs, thereby covering the entire population (16 900 726) of the Netherlands. 30 At the beginning of June 2014 a letter was sent to 8783 GPs, with the question whether they have had or currently had any people with severe paralysis and communication problems on file. A year later, a second letter was sent to all GPs who did not respond affirmatively in the first round (including nonresponders and GPs without eligible patients) and to new GPs in the updated GP database (8843 in total). GPs responding affirmatively to either one of the letters were subsequently called, within a 3-month period (May-July 2015) in order to verify their answer and to inquire about the patient. When patients fit the main criteria for this study (motor paralysis, no speech) their GP was sent an elaborate questionnaire (supplementary materials) on the patients' status, living environment, needs and disease history. Patients for whom we received answers on the questionnaire were rated as either classic LIS, incomplete LIS, total LIS, or non-LIS according to the ACRM 1995 criteria by 2 independent raters (EGMP, EJA). Discrepancies between ratings were discussed until consensus. Notably, no name or other identifiable information was requested, to guarantee anonymity of the patients.
Since the GPs covered the entire Dutch population, population estimates can be made by extrapolating the results of the GP sample to the population level. 31 Beneficial to this extrapolation is the comparable size of GP practices (±2000 patients) and the role GPs play in the Dutch health care system. In the Netherlands, GPs provide primary care and their consultation and referral are mandatory for further treatment. In return, the GP is informed on the treatment and status of the patient by the specialist. The extrapolation to population level was done by dividing the number of patients found by the GP response rate (ie, the number of responding GPs divided by the total number of GPs that received a letter). This resulted in an estimated total number of LIS patients. Dividing the total number of patients by the whole population and multiplying it by 100 000 resulted in the prevalence number (number of patients per 100 000 inhabitants).
Patient Population Description
In addition to the GPs, we sent letters to all rehabilitation and elderly care physicians in the Netherlands, to increase the likelihood to find LIS patients. Furthermore, many people made themselves known to us because of our media appearances and recruitment efforts for a BCI study. All these patients and physicians were contacted and asked to fill out the same, aforementioned, questionnaire for verification and description of the population. The patients found in this way were not added to the prevalence calculation, but their questionnaire data were used complementary to the "GP patients" to describe the patient population. Fisher's exact test was used to investigate a relationship between the primary communication method and remaining functions of the patient.
Biases and Ethics
For both the prevalence calculation and the description of the patient population, we checked for instances where the same patient may have been reported twice, by indexing the patients on date of birth and physician location (patient names were unknown), and discarded or combined records accordingly. Furthermore, we checked the prevalence calculation sample for a sample bias induced by regional population differences within the Netherlands and the location of the GPs, by calculating the percentage of GPs that replied per Dutch province.
The medical ethical committee of the University Medical Center Utrecht assessed the present study, and reported that no ethical approval was required since the study did not classify as medical research according to the Dutch Medical Scientific Research Act (WMO, article 1b).
Results
Locked-in Syndrome Patients in the Netherlands
In 2 rounds, we sent letters to 9570 individual GPs. Of those, 65 were not deliverable due to, for instance, address change. A total of 1996 GPs replied, a response rate of 21%, of whom 83 affirmatively. Those GPs were contacted by telephone for primary screening to determine the nature of the patient's disorder. After screening, 46 GPs received a questionnaire (by mail or administered by phone) of which 36 were completed and 10 were not returned (due to time constraints of the GP or for other reasons). Two patients were reported by both their current and former GP. Of these, the questionnaire of their previous GP was discarded. The remaining 34 cases were rated by 2 independent raters and resulted in classification of 18 incomplete, 8 classic, and no complete LIS patients. The other 8 patients did not qualify for a diagnosis of LIS. By projecting this number of 26 patients to the entire Dutch population, using the ratio of responding versus total number of GPs, we obtain an estimated total number of 124 LIS patients in the Netherlands, and a prevalence of 0.73 LIS patients per 100 000 inhabitants.
Description of the Patient Population Found
We sent out another 1326 letters to rehabilitation and elderly care physicians. The response rates were 23% and 12%, respectively, and resulted in another 28 physicians reporting patients. However, most of the patients were either no longer in contact with the reporting physician, or had already passed away. Therefore only 8 questionnaires were filled out. In addition, 14 questionnaires were sent to patients with whom we came in contact via other routes (media attention and patient organizations). Together with the GP and physician efforts, this resulted in a total of 68 sent questionnaires, of which 45 were completed and returned. Of those, 42 confirmed the status of LIS, as verified by the 2 raters (see Figure 1 for a breakdown of the recruitment and patient selection).
The most common cause of LIS in our population was NMD (55%), followed by stroke (26%). The mean age at the time the questionnaire was filled out was 53.1 years (SD 12.4). The median age at onset of LIS for stroke and traumatic events was 36 years (range 11-57 years). Median age at the moment of NMD diagnosis was 47 years (range 0-73 years). For the latter, onset of LIS could not be determined since the disease gradually progressed into LIS, making a timestamp rather unreliable.
The questionnaire responses confirmed our hypothesis that most LIS patients live at home (71.4%), and another significant portion (11.9%) living independently with an assistance schedule. The latter typically consisted of fixed care moments across the day, plus response to calls (medical and home care). See Table 1 for more details on the patient population. Notably, patients living at home were not necessarily those who needed less complicated care. In fact, a third of the patients living at home (26% of the entire group) was invasively ventilated (via tracheostomy). Many of these people also used percutaneous endoscopic gastrostomy (PEG; 60% of the entire group, 67% of patients living at home) and/or a uretic catheter (55% entire group, 57% patients living at home).
For communication, most of the patients relied on AT, but 12% reported to have no specific AT for communication (which could indicate use of yes/no system) and 19% used the alphabet system, which involves a caretaker articulating or pointing at letters and the patient selecting the letter he wants to use with, for example, an eye blink. In that respect, it is interesting to note that 41 of the 42 patients still had remaining voluntary movements of the eyes, whereas the prime use of an eye-tracker was only reported by 9 patients. The primary method for communication was dependent on remaining voluntary movements (Fisher's exact test [20, n = 42] = 34.35, P < .001), in that people with less remaining functioning relied on tailored systems, such as eye-trackers for people with only eye movements and tablets or typing devices when people still have hand functioning ( Table 2 and Figure 2 ).
Possible Biases and Confounds
To evaluate whether there was a regional bias for GPs to respond to the mailed invitations, the response rates were separated per province, and were corrected for the number of inhabitants (Table 3 ). This analysis showed that the response rates per province were in the same order of magnitude, ranging from 16% to 27%, showing that responses came from all areas and that we found patients in all parts of the Netherlands.
Discussion
Strengths and Limitations
Estimates of the prevalence and characteristics of people who qualify for a functional definition of LIS are quite scarce and incomplete. Many live at home, and do not consult medical specialists on a frequent basis and are thus difficult to find through the medical channels. In this study, we attempted to obtain an assessment of the prevalence of LIS by querying all GPs. In the Netherlands, all inhabitants need to be registered with a GP before they can access specialist treatment. We obtained an estimate of the number of LIS patients in the Netherlands, and found a prevalence of 0.73 cases per 100 000 inhabitants. Since we adopted a functional definition of LIS rather than a definition in terms of cause, the present estimate is intended to indicate the size of the Dutch population with severe physical and communication limitations in mentally fully abled people. This bears relevance for development of new technologies to ameliorate the capabilities of people with LIS. A previous study has estimated the number of LIS patients in nursing homes Note that the total number of General Practitioners addressed is a combination of the GPs extracted from the database when the first letter was sent and the new and changed records of the database at the time point the second letter was sent. In the end, in total, only 42 filled-out questionnaires were received, note that 10 GPs did not return the questionnaire.
in the Netherlands in 2013. 28 In that study, 2 classic LIS patients and 7 incomplete LIS patients were found in total, by contacting all long-term care institutions. Their response rate was quite high (91.4%) suggesting exhaustive numbers. Assuming that the number of LIS patients in nursing homes was approximately constant during the few years between the studies, the fact that we found 6 LIS patients living in nursing homes suggests that, in spite of relatively low physician response rates, we succeeded in identifying the majority of that population.
The response rate in GPs was 21%, which was lower than we expected. One can assume that the number of requests for survey participation is high for GPs. The motivation to reply with a "no" answer might therefore be lower, whereas GPs with a LIS patient on file may have been more likely to respond, possibly resulting in an overestimation of the number of LIS patients. It could also be argued that nonresponders were those who had no relevant patients, but we discovered that several LIS patients who were found via other channels were not reported by their GP. Later on, 10 GPs did not return the questionnaire, likely resulting in a loss of patients for prevalence estimation (these GPs answered affirmatively to the first letter) and an underestimation of the LIS prevalence. Notably, the rehabilitation and elderly care physicians also showed a limited response rate (23% and 12%, respectively). A reason for the lower response rate for elderly care physicians, compared to the GPs and rehabilitation physicians, might be that we addressed the same physicians with a similar question shortly (within 2 years) after the study of Kohnen et al. 28 Overall, responses and reported patients came from all over the Netherlands, indicating no specific regional bias.
Patient Population
The most notable finding resulting from the questionnaires was the high (>50%) proportion of NMD-patients in our LIS population. In literature, stroke is often mentioned as the most common cause of LIS, 4, 7, 25, 28 although it is recognized that the functional definition of LIS is also met by other conditions, such as ALS 26 and trauma. 25 In our study, we asked Note that for remaining voluntary movement multiple options are possible, i.e. eyes and hand. Furthermore, not all questionnaires were filled out completely, for PEG 1 and for uretic catheter 5 answers were unknown.
physicians to report severely paralyzed people with no speech, regardless of etiology. Putting the question in this manner has led to physicians reporting a wide range of paralyzed patients in terms of cause and levels of paralysis, including several paraplegic patients (with no loss of speech), suggesting that reporting of LIS was not constrained by the text-book association with stroke. Important outcomes of this approach are that we could investigate the most frequent etiologies of LIS, and the conclusion that LIS in the Netherlands is most often the result of NMD. The detailed questionnaires indicated a high percentage of LIS patients living at home (71%), and living independently with some professional assistance (12%). This proportion corresponds to the findings of other studies that questioned members of the French Locked-in Association (ALIS) and found that 61% to 64% of them live at home. 23, 32 Both studies did indicate, however, that their study may be subject to selection bias, as only a part of the ALIS-members replied. The patients who replied may have been those that were more independent or had more personal care. It is unlikely that the current study suffers from this type of bias, as we approached GPs and other professionals. Therefore, we conclude that a major proportion of Dutch LIS patients live at home with their family. Clearly, this has consequences for the daily living activities and medical care considerations around these patients.
A significant percentage of the LIS patients we found were reported to both live at home and receive invasive mechanical ventilation (21% of the LIS patients for whom we received a filled-out questionnaire) and therefore require intensive 24/7 care, which is generally performed by their family members and one or more professional caretakers. The total number of invasively ventilated patients in the Netherlands is 415 and the number of ventilated patients living at home (both invasive and noninvasive) has doubled in the past 9 years. 33 The fact that many Dutch long-term care patients receive a personal health budget from the government, which allows them to choose who their care provider is and how their care is delivered, may be associated with the fact that most LIS patients stay at home. It may be speculated that the possibility to live at home affects their choices for treatment and life sustaining support such as PEG and invasive ventilation.
The primary communication methods used among our LIS patients are diverse and correlated with the remaining voluntary movements, indicating that communication aids used by most LIS patients utilize the specific abilities of an individual (see Table 2 and Figure 2 ). Strikingly, 19% of the LIS patients used a lettercard or closed questions as a primary method for communication and another 12% of the patients did not have an AT for communication at all. Whether this means that these patients use multiple methods, none, or only communicate without AT remains unknown. These numbers suggest, however, that at least 19% of the patients are severely limited in their communication, in that they are dependent on another person to ask them the correct questions, and/or that they cannot initiate communication by themselves. Notably, for 98% of our LIS patients, it was reported that they have voluntary eye movements. This, clearly, largely includes The method for communication and the remaining motor functions are related as shown by Fisher's exact test (see text). Columns are given as percentages, the numbers in the columns represent the number of patients for that specific sub group. The category "mouth/head" includes mouth, face and neck movements. The category "Other" contains responses that did not fit within one of the larger categories specified (i.e. eyes & leg). The total number of patients was 42. the people that depend on a caretaker for their communication and the use of an eye-tracker as the main method of communication by only 21% of the entire group thus seems remarkably low. Whether this indicates that eyetrackers do not always offer the best solution or that a substantial number of patients do not have access to them, remains to be determined. Neurotechnology, and especially BCIs, have the potential to serve all of these patients, especially those not helped by conventional communication tools, and cover the broad variety of personally tailored devices and technologies. 34 It should be noted that it has been reported that BCIs may no longer be possible in completely locked-in ALS patients. 35 
Implications for Neurotechnology
The patients found and characterized in the present study constitute the most severe cases of people in need of AT. This subgroup of patients would therefore likely benefit the most from development of new technologies. As a result of the present study, the Dutch population of LIS patients is now well defined in terms of numbers and characteristics. This is important, as the development of new technologies, such as neurotechnology, depends on such a well-defined target market. In turn, optimally designed AT, tailored to the needs of the population, may result in less abandonment of devices by the user. About 30% of AT is abandoned for reasons related to the device, the user, and his or her environment. 36, 37 The demands people have for AT are high. Not only do they need to be reliable, safe, and versatile, users also want AT to be pretty and give a sense of freedom and not create an extra barrier between them and their environment. 38 Neurotechnology, and especially implanted neurotechnology devices, meet these requirements as they are, for a large part, invisible.
A consequence of our finding that NMD is the major cause of LIS, is that the total number of LIS patients might be growing when more NMD-patients receive life-sustaining support 6 and progress into LIS. This number may be a function of cultural trends with regard to end-of-life decisions. In the Netherlands, only 1.3% of ALS patients choose invasive ventilation (personal communication with home ventilation centers), whereas in Japan, one-third of the ALS population is invasively ventilated. 39, 40 Within Europe, north Italy stands out with 10.6% of invasively ventilated ALS patients. 41 Because of the progressive nature of NMD, NMD patients are subject to continuous change of their body and motor skills, while stroke-and trauma-related LIS patients are generally stable and might even rehabilitate. 42 It may be speculated that a fear of increasing function loss in NMDpatients leads them to be more open toward new and invasive techniques. Indeed, most patients who were interested in our implantable BCI 22 were NMD patients. Stable LIS patients with intact eye movements and/or other intact motor functionality may prefer to maintain status quo, until neurotechnology specifications improve (real-time speech, regaining hand function). For now, BCIs and invasive neurotechnology seem especially appropriate for patients with progressive (NMD) conditions, who face becoming (completely) locked-in. Future studies should further investigate this topic.
Conclusion
Our extensive investigation of prevalence of LIS in the Netherlands revealed a small and diverse group, with an estimated prevalence rate of 0.73 per 100 000 population. Although the underlying etiology differs between patients, most of the problems and needs of these patients are similar. One of the most urgent needs is a means to communicate when speech has become impossible. A wide variety of tailored systems is used, including basic eye-blink communication and lettercards, leaving room for the development of a well-designed AT that suits the communication needs of many of these patients. This gap may be filled by neurotechnology, and the present study helps the development of better AT for LIS patients by quantifying and defining the target market. In turn, optimal AT may lead to a higher quality of life for patients with LIS by offering them more control and independence.
